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Motivated  by the  thousands  of  pedestrians  killed  each  year  in  train  impacts,  this  paper  investigates  the
life-saving  capability  of four high-level  locomotive  bumper  concepts.  The  head  motions  produced  by
the four  concepts  are  modeled  as one  or two  square  acceleration  pulses  and  are  analyzed  using  the  Head
Injury Criterion  (HIC).  Surprisingly,  the  analyses  show  that  all four  concepts  can  achieve  HIC  values  of  less
than 200  for  an  impact  with  a locomotive  traveling  at 100  km/h. Two  of the  concepts  eject  the pedestrian
trackside  with  at a velocity  of roughly  40 km/h  and  the  risk  of  ground-impact  injury is discussed  in  theeywords:
edestrian protection
ocomotive bumper
ailroad safety
context  of  related automobile  accident  data.  The  computed  bumper  lengths  are  a  fraction  of  the  overall
length  of  a locomotive  and are  thus  feasible  for practical  implementation.  One  concept  involves  an  oblique
impact  and  the  potential  for rotational  head injury  is analyzed.  This  basic  feasibility  research  motivates
future  investigations  into  the  detailed  design  of bumper  shapes,  multi-body  pedestrian  simulations,  and
ﬁnite-element  injury  models.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license. Introduction
Railroads are a highly energy-efﬁcient means of transport-
ng freight with costs of roughly one-ﬁfth of those for truck
ransportation. Consequently, a large fraction of freight is carried
y rail (http://www.rita.dot.gov/bts/). Further, densely populated
reas are well-served by passenger trains. However, in the 6
ears from 2007 through 2012, an estimated 10,950 non-suicide
atalities in the US and EU are attributable to impacts of pede-
trians on railroads (http://safetydata.fra.dot.gov/OfﬁceofSafety/
efault.aspx; European Railway Agency, 2014). Including suicides,
he estimate is 29,800 pedestrians killed on the railroads in the
-year period. Unfortunately, the same steel-wheel-on-steel-rail
onstruction that provides for low rolling friction also severely lim-
ts braking capabilities, especially in heavy freight trains that can
ake over a kilometer to stop when traveling at full speed. Neither
an trains maneuver around pedestrians. Thus, in spite of the high
oad ratings of freight rail cars, the deaths per ton-kilometer for
ail are 37% higher than for truck transportation (http://business.
enntom.org/). In addition to the tragic loss of life, there are large
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001-4575/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article u(http://creativecommons.org/licenses/by/4.0/).
economic costs associated with pedestrian impacts including losses
to families and society, payment of monetary compensation, liti-
gation costs, transport delays, treatment of post-traumatic stress
in railroad employees, material damage to rolling stock and infra-
structure, and biohazard remediation (European Railway Agency,
2014; Weiss and Farrell, 2006). The costs of litigation and com-
pensation alone are measured in billions of dollars. Thus, there is a
signiﬁcant need to control the dynamics of pedestrian impacts in
the event that collisions do occur.
While automotive bumpers are much more constrained in terms
of cost, weight, and size relative to bumpers that could be added to
locomotives or other lead cars on trains, innovative bumper designs
in the automotive industry are advancing rapidly nonetheless. Con-
sider, for example, an idea promoted by engineers at Jaguar and
Citroen and depicted in the top part of Fig. 1. Bumper sensors detect
impacts with cyclists and pedestrians, and an airbag subsequently
lifts the hood and cushions the lower windshield and structural
pillars located at the side of the windshield. Thus, compliant zones
are introduced and protect the victim from the windshield, engine
components, and windshield pillars. Another transformative idea
being advanced by Volvo is the pedestrian and cyclist detection sys-
tem with automatic braking depicted in the bottom part of Fig. 1.
This system employs a combination of radar and vision in order to
identify and track persons at risk outside of the car and to auto-
matically apply the brakes if necessary. Both of these pedestrian
protection systems are robust, cost-effective, and in production
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
Design environment comparison: automobiles versus locomotives.
Parameter Automobiles Locomotives
Vehicle cost $15 k–$50 k $2.5–3.5 M
Vehicle mass ∼1200 kg ∼185,000 kg
Braking distance
(100 km/h–0 km/h)
∼50 m ∼2000 m (with
∼106 kg train)
Lateral steering ability ∼0.8 g ∼0.0 g
Vehicle length ∼5 m ∼22 mig. 1. (Top) Windshield airbags and hood lifters protect pedestrians and cyclists
uring impacts and are currently available on a number of cars (source: Autoliv).
Bottom) Detection and braking (source: Volvo Cars).
Volvo S40 Owner’s Manual, 2014). The later concept is also appli-
able to trucks (bottom part of Fig. 1).Head injuries are the most common cause of serious injury and
eath in pedestrian and cyclist impacts, and some obvious make-
he-vehicle-softer improvements are now being required in cars.
ig. 2. Electro-Motive Diesel SD70ACe locomotive with a mass of 185,000 kg and a
300 hp engine.
ource: Flickr.com (Wikipedia, 2016).Head Injury Criterion (HIC) <700 <700
Angular head motion see Fig. 9 see Fig. 9
Solutions include crushable hoods and fenders that soften the blow
to a pedestrian’s head following a collision. European Union regu-
lations took effect in 2004, with more stringent measures planned
for 2018, which will require vehicles to pass pedestrian crash tests
pertaining to an adult’s head, a child’s head, and the lower portions
of an adult’s body. In addition to reducing the loss of life, these
automotive innovations inspire creative improvements in railroad
safety.
The computer-enabled designs shown in Fig. 1 suggest that
applications of technology are also possible in enhancing pedes-
trian safety on railroads, although design requirements are quite
different. Concepts for cushioning the front end of vehicles can
work on cars that impact a pedestrian while braking, but a pas-
sive soft bumper on a train may  simply throw the pedestrian onto
the track to be struck again. Likewise, pedestrian detection is use-
less unless there is a means to move the pedestrian to safety. Thus,
when controlling locomotive impacts with pedestrians, the design
environment for locomotives must be taken into account. It dif-
fers from that for automobiles as indicated in Table 1. In particular,
the cost, size and weight restrictions for locomotives (see Fig. 2)
are much less stringent than for automobiles. The large headway
between trains and the highly controlled grade of rails mean that
there is a large volume in front of a locomotive that can be used for a
bumper system. Adding a lightweight bumper structure extending
less than 6 m on a typical 22-m locomotive should not interfere with
normal operation. Even in passenger stations, locomotives are sep-
arate from loading areas, and there is room for multiple locomotives
and a bumper. Visibility of ground-level signaling and switches in
low-speed operation must be addressed and other operational con-
straints may  exist, but it is likely that these issues can be overcome
if those in the railroad industry realize that bumpers can save a con-
siderable number of lives. We  note that locomotive bumpers might
be designed to be removable to allow for multiple locomotives in a
train and operation in reverse, as well as to reduce costs relative to
having bumpers on every locomotive.
A number of locomotive bumper concepts have been proposed.
A patent application (Somensi, 2014) proposes a steerable airbag
that is deployed to protect a pedestrian. The airbag is controlled to
direct the pedestrian to the side of the track. In that same patent,
another approach is proposed wherein an inﬂatable catching sys-
tem is used to catch and hold the pedestrian. Airbags are also
proposed in Rechnitzer and Grzebieta (1999) where it is noted that
a 4 m crush of the airbag could cushion the impact of a 100 km/h
train to the point that the pedestrian only experiences a 10 g accel-
eration. We  argue herein that even a 35 g acceleration is reasonable
and the 4 m length can be reduced. Another concept proposed in
Gough (2009) provides for a cushioned bumper with a crush zone
for vehicle impacts, which could be extended to pedestrian appli-
cations through the use of lower yield-stress structures.
In this paper, the pedestrian motions generated by the four ide-
alized bumpers shown in Fig. 3 are analyzed. The systems labeled
“ideal bumper” represent abstract mechanisms for controlling the
motion of the pedestrian along the curves indicated. In the ﬁrst
3 bumpers shown in Fig. 3, the curves depict motions in a frame
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eig. 3. Action of idealized bumpers on a pedestrian: (1) linear acceleration up to 
otion to the trackside and (4) impact with a remote system. Bumper lengths are e
ttached to the locomotive. In the fourth bumper system, the
irected line segment represents motion transverse to the track
n a frame attached to the track. For the scaled dimensions shown
n Fig. 3, a 22-m locomotive is depicted with bumpers having an
xaggerated length of about 11 m for the purpose of illustrating
he pedestrian motions.
Ideal bumper 1 catches the pedestrian with a soft impact last-
ng a time T and carries her with the locomotive until the train
an stop. Bumper 1 might be realized with a crushable foam into
hich the pedestrian in tightly embedded and held, after which
he train decelerates. Note that the front corners of such a crush-
ble foam bumper pose a hazard to the pedestrian as an impact
ith a corner would not result in catching the pedestrian. Such
 simple system would catch a majority of standing pedestrians,
ut not all. A suitable resolution to the corner impact problem is
he use of available imaging and ranging technology to identify
he location of the pedestrian, coupled with a controlled lateral
otion of the crushable foam to ensure that the impact occurs
afely between the corners. In the same vein, vertical motion could
e used in an impending impact to minimize the clearance below
he bumper to ensure that the pedestrian does not move under the
rain.
Ideal bumper 2 impacts the pedestrian for a period of length
 < T and accelerates her laterally off the track. The resultant lat-
ral velocity is signiﬁcant, but designed such that the subsequentain velocity, (2) lateral acceleration followed by constant velocity, (3) bang-bang
rated.
ground impact causes minimal risk of fatality based on available
automobile/pedestrian accident data.
Ideal bumper 3 ﬁrst accelerates and then decelerates the pedes-
trian laterally to place her trackside at zero velocity. Such a system
appears relatively complex and might be accomplished with a
robotic mechanism that includes both active and passive compo-
nents.
Finally, ideal bumper 4 is a mechanism that is disconnected from
the locomotive at the time of impact with the pedestrian. This is
envisioned to be a rocket-propelled airbag that deploys and pushes
the pedestrian off the track. It could also be a lead vehicle used
for the purpose of clearing the track. In concepts 2 through 4, the
worst-case lateral position for the pedestrian is the center of the
track, as the center position requires the largest lateral motion of
the pedestrian. The assumption of a mid-track pedestrian position
is used in the subsequent analyses of concepts 2 through 4. In each
concept, an initial standing position is assumed along with a rigid
body model of the pedestrian kinematics. Rotation around the ver-
tical axis is only considered in one variation of bumper 2; otherwise
angular velocities are assumed to be zero.
The work herein aims to understand the feasibility of the four
bumper concepts at a high level and in terms of the gross head
motion of the pedestrian. The injury risk is approximated by the
head injury risk, assessed in terms of the Head Injury Criterion
(HIC). When the potential for head rotation injury is present, the
1 sis and Prevention 89 (2016) 103–110
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Fig. 4. (Top) Constant-amplitude acceleration pulse used to model head motions in
with the cushion is given by the simple differential equation with
initial conditions:
mx¨n + bx˙n + kxn = 0; xn(0) = 0, x˙n(0) = vn. (3)06 B.E. Paden et al. / Accident Analy
njury risk model of Margulies and Thibault (1992) is employed.
he methods of using the HIC and square acceleration pulses are
escribed in Section 2. A model for oblique impact that can pre-
ict head rotation is also presented in Section 2. Results for the
our design concepts are presented in Section 3. A simpliﬁed feasi-
ility analysis is provided in Section 4 for use in communications
ith non-technical audiences, and conclusions and discussion are
resented in Section 5.
. Methods
Head injury is carefully studied, and biomechanical limits on lin-
ar and rotational head motions are known well enough to advance
afety. Automotive regulations impose constraints on head impacts
n terms of the HIC, which is expressed in terms of the linear accel-
ration proﬁle of the pedestrian’s head a(t) during an impact as:
IC = max
0<t2−t1≤0.015
{[
1
t2 − t1
∫ t2
t1
a(t)
9.8
dt
]5/2
(t2 − t1)
}
, (1)
here times t1 and t2 are expressed in seconds and the scalar-
alued acceleration a(t) is expressed in ms−2 so that the division
y 9.8 ms−2 per g is a conversion to g’s. Thus, the units of the HIC
re g2.5-s. When a(t) is vector-valued, as in the following, a(t) is
eplaced with the scalar magnitude ||a(t)||. The form of Eq. (1),
ncluding the 15 ms  interval of maximization, is chosen to be con-
istent with the literature. The HIC is empirically determined to
redict injury and constitutes a rough measure of power delivered
o the head. An HIC value of 700 is used in a number of automotive
tandards (Occupant Crash Protection, 2016) and corresponds to a
% probability of life-threatening head injury based on a Gaussian
t to data from 54 cadaver tests as shown in Fig. 4 in Prasad and
ertz (1985). An HIC value of 1000 is also used in other clauses of
hose same standards (Occupant Crash Protection, 2016) and cor-
esponds to a life-threatening head injury of 16%. Of course a lower
IC is highly desirable. For example, an HIC of 383 predicts a low
% probability of a moderate head injury (unconsciousness for less
han 24 h (Marjoux et al., 2008)).
Other head injury predictors have been proposed. The Head
mpact Power (HIP) is another simple predictor based on the gross
otion of the head (Newman et al., 2000). The HIP has nearly iden-
ical predictive capability to that of the HIC as measured by the
o-called EB metric (Marjoux et al., 2008; Nakahira et al., 2000).
inite-element models, such as those proposed in Willinger et al.
1999), offer improved risk estimates as noted in Marjoux et al.
2008). However, the commonly-used HIC is a sufﬁcient risk param-
ter in demonstrating that a low risk of head injury is achievable.
In addition to limiting linear acceleration, rotational motion
ust be controlled to limit shear forces in the brain. Fig. 9 depicts
imits on the combined peak angular acceleration and peak velocity
hange.
The engineering analysis approach taken here approximates
umper impacts as one or two constant-amplitude acceleration
ulses of the form shown in the top part of Fig. 4, followed by the cal-
ulation of the associated HIC (and rotational motion as required).
emoving the constraint on the form of the acceleration pulse can
nly improve safety.
The HIC due to the acceleration pulse is easily computed to be
Hutchinson et al., 1998)
IC (a, T) = max
{

[
a min(, T)
]5/2}p
0<≤0.015 9.8
=
(
a
9.8
)5/2
min(T, 0.015). (2)the  ideal bumpers. The pulse length may  be longer or shorter than the 15 ms  value
that  appears in the HIC formula. (Bottom) The HIC as a function of pulse amplitude
a  and pulse length T.
The function HICp(a, T) is plotted in the bottom part of Fig. 4. Note
that HICp(a, T) grows linearly with the pulse duration until t = 15 ms,
after which there is no increase in the risk of injury according to the
HIC. Also, HICp(a, T) is proportional to a5/2 for all values of T.
2.1. Oblique impact
In one approximation of ideal bumper 2 an oblique impact
occurs and head rotation must be calculated. Model the adult head
as a 4.5 kg ball with radius r = 8.25 cm and having uniform density,
consistent with the primary speciﬁcations of the adult headform
of Global Technical Regulation No. 9 (United Nations, 2009). In ref-
erence to the left part of Fig. 5, model the impact as the ball head
model impinging on a massless surface supported by a spring of
stiffness k and damper with coefﬁcient b. The impact is oblique,
and the accelerations are affected by the coefﬁcient of friction 
between the head and cushion. Further, assume that when the head
is in contact with the cushion the mass-spring-damper system is
critically damped. While the damping ratio can be optimized to
reduce the risk of injury in the following, critical damping simpliﬁes
the analysis and sufﬁces to show feasibility.
The motion of the ball normal to the cushion and while in contactFig. 5. (Left) Simpliﬁed cushion and ball head model. (Right) Cushion deﬂection
with dashed curve indicating motion if the head were to adhere to the cushion.
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Deﬁne the undamped natural frequency ω =
√
k/m and choose
 = 2
√
mk so that the system is critically damped. Choosing t = 0 to
e the time of ﬁrst contact and xn = 0 to be the displacement of the
all normal to the cushion at the time of ﬁrst contact, the normal
otion during the cushion contact is
n(t) = te−ωtvn; t ∈ [0,  2/ω]. (4)
The right part of Fig. 5 is a plot of the head motion normal to the
ushion. The peak deﬂection d of the cushion occurs at time 1/ω,
nd separation from the cushion occurs at time 2/ω. Subsequently,
he head moves with constant velocity. The peak deﬂection d is
n important design variable that relates closely to the thickness
f the cushion and the HIC. It is straightforward to verify, using the
arameter values chosen, that the head contact point will be sliding
hroughout the impact period. Thus, the tangential force is simply
 times the normal force, and the combined normal and tangential
cceleration vector is given by
d2
dt2
[
xn
xt
]
=
[
1

](
ω2t − 2ω
)
e−ωtvn, (5)
here ω is related to the peak deﬂection by ω = vn/(de). The accel-
ration peaks at time t = 0 and decays monotonically until the head
eparates from the cushion. Thus, the maximization of the HIC
ccurs on the time interval [0 ms,  15 ms]. That is,
IC = max
0<t≤0.015
{[ vn
9.8t
√
1 + 2(1 + (ωt − 1)e−ωt)
]2.5
t
}
. (6)
Denote by J the rotational inertia of the ball head model about
ts center. Then the rotation  of the head model is determined by
he torque produced by the tangential force in Eq. (5):
d2
dt2
 = r
(
ω2t − 2ω
)
e−ωtvn; (0) = 0, ˙(0) = 0. (7)
here the initial angle and angular velocity of the head model are
et to zero as indicated.
. Results
The achievable safety performance for each of the bumper con-
epts is estimated in terms of the HIC and the dimensions indicated
n Fig. 3, and head rotation is considered in one instance. Numeri-
al calculations are made with a high train speed of 100 km/h. The
idth of the bumper system is limited to the width of the locomo-
ive (typically 3 m).  For ideal bumper 2, which ejects the pedestrian
o the side of the track, there is a constraint on terminal velocity
ollowing interaction with the bumper to limit subsequent injury
pon ground impact. This value is taken to be 40 km/h based on
he fatality risk given in Fig. 1 of Rosen and Sander (2009) which
ndicates that the injuries from both the initial vehicle impact at
0 km/h and the subsequent ground impact (where the pedes-
rian is traveling near 40 km/h) are survivable with a probability
f 94–98%.
Consider ideal bumper 1, which is likely realized as a crush-
ble foam. After impact, the pedestrian, assumed to be initially at
ero velocity, is accelerated with constant acceleration a1 to the
elocity of the train V in time T. Thus, a1T = V. Further, the accelera-
ion must be accomplished over the length of the bumper, and the
cceleration is obtained from a1T2/2 = L or a1 = V2/(2L). Solving for
he acceleration time yields T = 2L/V. The associated head injury is
stimated for ideal bumper 1 using Eq. (2):
IC1 = HICp
(
V2
2L
,
2L
V
)
. (8) Prevention 89 (2016) 103–110 107
In contrast to ideal bumper 1, the acceleration produced by ideal
bumper 2 is lateral and does not occur over the entire length of
the bumper. Rather, there is a shorter pulse over the period [0, ],
after which the pedestrian moves at constant transverse velocity
VT toward the side of the track. Assuming a 3-m wide locomo-
tive and a pedestrian in the middle of the track having a 0.6 m
width, the minimum required lateral motion over the length of the
bumper is D2 = 1.8 m.  Thus, the pedestrian will just clear the loco-
motive and continue with a nonzero lateral velocity until hitting the
ground trackside. Again, the data of Rosen and Sander (2009) sug-
gest that VT = 40 km/h is a relatively safe track departure velocity,
although bumper shape should be optimized as well (Crocetta et al.,
2015). Let d be the lateral motion at time , and let T be the time
at which the pedestrian passes the rear of the bumper. Thus, the
lateral motion at time T is D2. We  have the following relationships:
d = 1
2
a2
2 (9)
a2 = VT (10)
T = L
V
(11)
D2 = VT (T − ) + d. (12)
Solving for a2 and  yields the HIC for bumper 2:
HIC2 = HICp
(
VV2T
2(LVT − D2V)
,
2(LVT − D2V)
VVT
)
. (13)
For the ideal bumper 3, a purely lateral and constant force is
applied to accelerate the pedestrian laterally, and then a decel-
eration of equal magnitude is applied to place the pedestrian at
zero velocity adjacent to the track. The motion of the pedestrian
is shown in a coordinate frame attached to the locomotive that is
moving at a constant velocity. In contrast to bumper 2, the pedes-
trian in this case lands to the side of the track at zero velocity, and a
buffer distance between the train and the resting place of the pedes-
trian is added. Choose the width of the pedestrian to be 0.6 m, the
buffer distance from the locomotive following impact to be 1.5 m
and the width of the locomotive to be 3.0 m.  A reasonable value of
the dimension D3 in Fig. 3 is then 3.3 m.
Let T/2 be the duration of the ﬁrst lateral acceleration pulse, so
that the total duration of the impact is T. The length of the bumper L
and the speed of the train V limit the total duration of the impact to
T = L/V. It is straightforward to calculate the requisite acceleration
of the two pulses to be
a3 =
4D3V2
L2
. (14)
Having the amplitude and duration of the ﬁrst pulse, the HIC
associated with the ﬁrst pulse in terms of HICp is calculated to
be HICp
(
4D3V2
L2
, L2V
)
. Since there are no cadaver data for a two-
pulse impact, the single pulse HIC is simply doubled to estimate an
equivalent HIC for ideal bumper 3:
HIC3 ≈ 2HICp
(
4D3V2
L2
,
L
2V
)
. (15)
Ideal bumper 4 applies a lateral acceleration pulse to the pedes-
trian over a time period [0, ], as does ideal bumper 2. The length L
in this case is the distance between the locomotive and the pedes-
trian at the time the airbag or other device contacts the pedestrian.
Assuming a uniform lateral acceleration, the motion of the pedes-
trian is identical to that for bumper 2. Thus, the HIC calculation is
the same and HIC4 = HIC2. The train velocity V = 100 km/h is used
in all calculations, and the maximum lateral velocity VT = 40 km/h
is used in the calculations for bumpers 2 and 4.
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Fig. 8. (Solid line) The HIC versus peak deﬂection for a 40 km/h normal impact of a
Fig. 6. HIC versus bumper length for the four bumper concepts. The train velocity
 = 100 km/h is used in all calculations. A maximum lateral velocity of VT =40 km/h
s  used in the calculations for bumpers 2 and 4.
Plots of the HIC versus bumper length L are shown in Fig. 6 for
ll four concepts. The curve for bumpers 2 and 4 does not extend
o bumper lengths below about 5 m,  as there is no solution at those
engths that is consistent with a lateral ejection velocity of 40 km/h
nd clearance of the locomotive.
.1. Oblique impact with bumper 2
Rotational head injury does not appear to be a major issue with
umper concepts 1, 3, and 4. However, the physical approximation
o ideal bumper 2 shown in Fig. 7 can involve signiﬁcant head rota-
ion. The top part of the ﬁgure depicts a locomotive ﬁtted with an
ctive bumper system approaching a pedestrian at the reference
peed of 100 km/h. A pair of vision systems detects the pedestrian,
nd the bumper is rotated to expose a soft side cushion as shown
n the bottom part of Fig. 7. The geometry of the bumper is cho-
en such that the normal velocity of the pedestrian relative to the
ig. 7. (Top) Active bumper system approaching a pedestrian. (Bottom) Bumper rotated ball  head model on a cushion with critical damping. An HIC of 700 corresponds to
a  relatively small deﬂection of 7.2 cm.  (Dashed line) Empirical curve ﬁt to 40 km/h
impacts of a headform with a car body for comparison (Mizuno et al., 2001).
cushion is about 40 km/h. The cushion impacts the pedestrian with
an oblique blow and moves her to the side of the track at about
40 km/h with a low risk of fatality according to the data in Rosen
and Sander (2009). Relative to automotive bumpers, there is much
greater freedom to add cushioning to the bumper, but the oblique
impact imminent in Fig. 7 can impart rotational motions on the
pedestrian’s head.
To assess the feasibility of the approximation to bumper 2,
consider the linear and angular head acceleration during the
oblique impact about to occur in the bottom part of Fig. 7. By
choosing the impacting cushion angle relative to rail to be  ˇ =
sin−1
(
40 km/h/100 km/h
)
= 23.5◦, the normal velocity to the
cushion is 40 km/h. Using a locomotive width of 3.0 m and a pedes-
trian width of 0.6 m,  simple trigonometry shows that a bumper
length of 5 m is sufﬁcient for both steering to one side of a pedes-
trian and achieving the desired <23.5◦ impact angle.For vn = 11.1 ms−1 (40 km/h) and a readily attainable  = 0.15,
the HIC is calculated using Equation (6) and plotted as a function
of the peak deﬂection d in Fig. 8. Note that a surprisingly small
deﬂection of 7.2 cm is required to cushion an impact to the standard
such that pedestrian will be impacted with bumper cushion at the bumper side.
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Fig. 9. (Left) Ball head model rotation conditions compared to a critical brain shear
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Btrain of 0.05 in the deep white matter corresponding to moderate diffuse axonal
njury (Margulies and Thibault, 1992) for  =0.15 and  =0.075. Normal velocity
n = 11.1 ms−1 (40 kph).
f HIC = 700. Given the space available in the bumper, a much higher
evel of safety is achievable. A peak deﬂection of 15 cm is reasonable,
nd the probability of a fatal head injury (due to linear acceleration)
s reduced to a few percent according to the analyses in Prasad and
ertz (1985) and Marjoux et al. (2008). Also shown in Fig. 8 is a
urve ﬁt to the experimental data of a headform impacting a car
ody at 40 km/h for comparison (Mizuno et al., 2001).
The rotational motion of the ball head model (assuming uni-
orm density) was calculated using Eq. (7) with d = 0.15 m,   = 0.15
nd 0.075, and the remaining parameters as in the HIC calculation.
he resulting peak rotation properties are plotted against a strain
hreshold in the deep white matter of the brain corresponding to
oderate diffuse axonal injury from Margulies and Thibault (1992)
n Fig. 9. These results point to the need for careful design and opti-
ization of the surface friction material for this approximation to
he bumper 2 concept. The strain threshold of 0.05 is more severe
han a concussion, and a considerable margin from this threshold is
esirable. Nonetheless, these preliminary results suggest that this
pproximation of ideal bumper 2 is a feasible bumper design.
. Simpliﬁed feasibility argument for bumper 1
Motivations for using the HIC include its common usage and
esearch results relating it to injury. While simple, it serves as an
ffective measure in a high-level engineering design context. For
ommunication with the general public and non-technical policy
akers, even simpler feasibility arguments are valuable. To this
nd, a uniform acceleration limit on human body motion is a good
ay to frame the design requirements. A limit of about 35 g’s is sup-
orted by the compelling dive, by Darren Taylor (a.k.a. “Professor
plash”), from a 36-foot platform into a pool ﬁlled to a 12-in. depth
Allain, 2008). U.S. Air Force rocket sled tests showing survivabil-
ty to over 45 g’s support the use of 35 g’s in concepts evaluations
s well. Using a train velocity of 100 km/h, the 35 g limit and the
elation L = V2/(2a), the minimum thickness for a crushable foam
umper is calculated to be 1.12 m.  A robust 2– 3 m bumper accom-
odating a range of body sizes and weights appears to be entirely
easible.
. Conclusions and discussion
It is encouraging that there are no fundamental problems
ith the requisite head motions in any of the bumper designs at
easonable bumper lengths. Accounting for ﬁnite (e.g. 60%) com-
ressibility for the crushable foam in bumper 1 and adding length
or attachment and actuation mechanisms in the bumper sizing,
ig. 6 suggests that 6 m is a rough upper bound on the required
umper length and that 2 m may  be possible with concept 1.
umpers that are 2–6 m long amount to a modest fraction of the Prevention 89 (2016) 103–110 109
space occupied by a 22-m-long locomotive, and comprise an incon-
sequential fraction of its weight.
The fundamental calculations presented in this paper provide
solid evidence that design work on locomotive bumpers should
proceed. It is reasonable to explore experimental investigations,
as well as more detailed analytical work employing ﬁnite-element
methods and multi-body dynamic simulations. Further, aero-
dynamic load simulations for both symmetric and asymmetric
bumper conﬁgurations are appropriate. Next steps in concept
development could include accommodations for impacts with cars.
Comparisons are made with automobile impacts where pede-
strians land on street surfaces, which are very hard yet smooth.
In the case of locomotive bumpers, pedestrians impacted with
bumpers 2 and 4 would likely land on the ballast to the side of the
tracks. Deformation of the ballast on impact would tend to reduce
the risk of injury although its rough surface might create stress
concentrations in the skull and thus increase the risk of injury. The
mechanics of such impacts require further study if bumpers 2 or 4
are to be pursued.
The detailed motion of the pedestrian’s feet are a concern, espe-
cially for bumpers 2–4. The multi-body simulations mentioned are
necessary to understand, say, how the shape of bumper 2 might be
designed to lift the pedestrian over the rails and estimate injuries
due to potential impacts. In the case of bumper 1, foot motion is
less of an issue, although there is some risk of injury due to impacts
with ties. In addition to the computer-controlled lateral motion of
bumper 1, vertical motion is also possible and, together with the
shaping of bumper 1 or by varying the crushable foam density used
in bumper 1, a lifting motion might be imparted on the pedestrian.
Further, the vertical motion of bumper 1 can be such that a portion
of the bumper is placed between the rails and even touching the ties
just prior to impact, in order to provide additional protection to the
pedestrian. By eliminating the gap between the bumper and the ties
it is conceivable that a person laying on the tracks could be saved.
However, there are a number of conﬁgurations of a non-vertical
pedestrian which would likely result in severe spinal injury.
As with pedestrians, impacts of cars with bumper 1 should
involve the capture of the car. This might be accomplished by
having two  layers of crushable foam; a leading layer designed for
capturing pedestrians and a following layer which is denser and
designed for capturing cars. If the pedestrian layer is discarded to
the side of the locomotive when approaching a car, the denser layer
can be covered with an array of high-strength magnets for captur-
ing cars with steel body panels. Given magnetic areal forces on the
order of 0.1 MPa, capture forces equal to the weight of a car are
readily attained.
There are a number of additional design considerations includ-
ing robust operation over a range of train speeds, robust operation
over a range of pedestrian body sizes and weights, bumper shapes
for concept 2 and the nature of subsequent ground impacts (see
Crocetta et al., 2015 for related work for automobiles), use of
bumpers in day-to-day railroad operations, and so forth. Nonethe-
less, vast improvements over current locomotive designs appear
feasible and a signiﬁcant fraction of the thousands of lives lost
annually can be saved.
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